The importance of severe anemia in the mortality of susceptible A/J mice during blood-stage Plasmodium chabaudi AS infection was assessed. Blood transfusion during and 2 to 3 days after peak parasitemia rescued 90%o of susceptible mice from severe anemia and death and allowed these mice to clear the infection and acquire immunity to reinfection. However, blood transfusion prolonged the patency of the infection for up to 5 days after peak parasitemia. Blood transfusions in resistant C57BLJ6 mice produced an identical effect, that is, prolongation of the patency of parasitemia. In addition, blood transfusion increased the numbers of gametocytes in both mouse strains. In both strains of mice, the rapid reduction in parasitemia, which occurs during crisis, was associated with the development of moderate levels of anemia. The possible mechanisms for the modulation of parasitemia by blood transfusion and the implications of the present observations for our understanding of the events which occur during crisis are discussed. It is proposed that parasitologic crisis is induced and/or maintained by physiological alterations associated with anemia.
follows either a lethal or a nonlethal course in a host straindependent fashion. Our laboratory has previously characterized the strain distribution pattern of resistance and susceptibility to P. chabaudi AS infection (18) . Resistant C57BL/6 mice develop moderate levels of peak parasitemia, clear the infection to subpatent levels, and are subsequently immune to challenge infection. On the other hand, susceptible A/J mice experience higher levels of parasitemia and succumb to infection within 10 to 14 days postinfection. Susceptible mice suffer from severe anemia and shock prior to death. Severe anemia has been presumed to be the cause of death in susceptible mice, although this has not been formally proven (23) . The experiments reported herein were initiated to assess the contribution of severe anemia to the mortality of susceptible A/J mice as a result of P. chabaudi AS infection. Our finding that blood transfusion rescues susceptible mice but prolongs the period of patent parasitemia and retards the occurrence of crisis forms the basis of this communication.
(This work was performed in partial fulfillment of the requirements for a Ph.D. by G.S.Y.)
MATERUILS AND METHODS
Parasite and experimental infections. C57BL/6 and A/J mice bred at the animal facility of the Montreal General Hospital were used at ages of 8 to 10 weeks. Mice were infected intraperitoneally with 106 parasitized erythrocytes (PRBC) prepared as previously described (23) . Blood smears and RBC counts were obtained by using standard procedures as previously described (23 0.9 x 109 RBC in 1 ml of saline per mouse). Unless otherwise stated, transfusions were given beginning on the day of peak parasitemia and 2 to 3 days subsequently.
Histological and functional clearance studies. For histological studies, mice were injected with 0.2 ml of a dialyzed suspension of India ink and sacrificed 15 min later. Spleens and livers were weighed, fixed in buffered formalin, and processed for paraffin embedding. Sections (4 ,um thick) were prepared and stained with hematoxylin and eosin. For clearance studies, parasitized RBC from mice with peak parasitemia were harvested and labelled with 51Cr as previously described (16) . Mice were injected intravenously with 108 51Cr-labelled PRBC in 0.2 ml of saline and bled at various time points from the retro-orbital plexus with a calibrated 25 ,ul micropipette. Spleens and livers were dissected out at the end of the 4-h observation period. Blood and tissue samples were counted in a Beckman gamma counter. Clearance curves were drawn by using counts expressed as percentages of the maximum counts obtained at either 2 or 5 min.
RESULTS AND DISCUSSION
In order to assess the importance of severe anemia in the lethality of P. chabaudi AS infections in susceptible mice, infected A/J mice were transfused with washed syngeneic blood cells at the time of peak parasitemia (day 7 in these experiments) and on two consecutive days thereafter. As shown in Fig. 1 , 10 of 10 (100%) untransfused A/J mice succumbed to infection by day 10 whereas only 1 of 10 (10%) transfused mice died as of day 21, when the experiment was terminated (chi-square test, P = 0.0001). The kinetics of parasitemia and changes in RBC counts in control, untransfused, and transfused ANJ mice are shown in Fig. 2 . As previously shown by our laboratory (18) , ANJ mice developed high levels of peak parasitemia, which occurred in this experiment on day 7 ( Fig. 2A) transfusion of infected ANJ mice on days 7 through 9 prevented the development of severe anemia (Fig. 2B) . Unexpectedly, the parasitemia in transfused mice was maintained at patent levels (20 to 40%) for a period of 5 to 6 days after peak parasitemia. Parasitemia decreased to subpatent levels on day 14, 5 days after the last blood transfusion. Interestingly, the decrease in parasitemia was coincident with the development of moderate levels of anemia (RBC count, 3 .05 x 109 ± 0.58 x 109/ml). These mice developed symptoms similar to, albeit less severe than, those of untransfused mice on days 8 to 9, but most of the animals survived and cleared the parasitemia to subpatent levels by day 15 postinfection. A single mouse died during this period. Transfused A/J mice rechallenged with 106
PRBC 30 days after primary infection did not develop patent parasitemia. Thus, these observations indicate that anemia is a proximate cause of mortality in susceptible A/J mice and that susceptible mice are inherently capable of developing acquired immunity to P. chabaudi AS. The same conclusions were reached in an earlier study with a different rodent Plasmodium species (4); in that study, repeated blood transfusions rescued mice from an otherwise uniformly lethal Plasmodium berghei infection and allowed adequate time for the development of acquired immunity. However, unlike the present results, blood transfusion induced an early and steady decline in parasitemia in P. berghei-infected mice. Differences in RBC host preference between these two Plasmodium species may explain the divergence. Blood transfusion, consisting predominantly of normocytes, into P. berghei-infected mice may have inhibited endogenous erythropoiesis, thereby decreasing the number of reticulocytes, which are the preferred host cell of this species. On the other hand, blood transfusion into P. chabaudi-infected mice could conceivably provide the parasites with more target cells, as this species has been regarded as being predominantly normocytophilic (10) .
We sought to confirm the phenomenon of transfusioninduced prolongation of patent parasitemia in resistant C57BL/6 mice infected with P. chabaudi AS. Infection in this mouse strain follows a self-limiting, nonlethal course and is characterized by a primary patent parasitemia followed by a parasitologic crisis. One or more smaller recrudescences may occur before the infection is finally resolved by 4 weeks postinfection. As shown in Fig. 3 , untransfused C57BL/6 mice experienced a progressive decrease in RBC counts reaching a low on days 9 to 10, at the time when crisis was occurring. Daily blood transfusion of infected C57BL/6 mice starting at peak parasitemia (day 7) up to day 11 maintained the RBC counts at normal or slightly subnormal levels and the parasitemia at patent levels (between 10 and 20%) for 6 days after peak parasitemia. As in the transfused ANJ mice, the resolution of patent parasitemia (days 14 to 15) was coincident with the development of moderate levels of anemia. Waves of reticulocytosis followed the episodes of anemia in both untransfused and transfused animals, with peaks occurring on day 12 kines which activate effector cells to kill parasites by oxidative and nonoxidative mechanisms. These events are thought to occur in the microvascular space of the spleen, the liver, and of the experiment. It is noteworthy that the rebound the bone marrow. Based on ultrastructural studies of splenic ants was transiently delayed in untransfused mice as tissue from Plasmodium yoelii-infected mice (21) and blood a secondary parasitemia, which peaked on day 14.
clearance and trafficking studies of physically damaged RBCs ly, no such secondary peak was observed in the in P. berghei-infected rats (22) , a model of how parasite mice. Taken together, these observations demondestruction may occur in situ has been suggested (21) . It has modulation of parasitemia and timing of parasitobeen proposed by Weiss and his colleagues (21) that patent by infusion with syngeneic blood cells.
infection is associated with the development of a splenic )us mechanism by which blood transfusion is able to barrier system which effectively shunts blood circulation into the course of infection is that RBC transfusion the splenic sinuses. This results in a decreased capacity of the pool of preferred target cells and prevents the spleen to filter rheologically altered RBCs. During crisis, the reticulocytes, which are thought not to be the splenic barrier system is "opened," with two interrelated :arget cell of this parasite species (10) . This simple consequences: entry of parasitized RBCs into the cordal i seems untenable for two reasons. First, blood circulation, allowing contact with activated effector cells, and using preparations enriched for reticulocytes prothe release of newly formed reticulocytes, which replenishes ,ame effect as the normocyte preparations (data not the peripheral RBC pool. Whether or not this paradigm cond, a recent report has indicated that the normoapplies universally to all Plasmodium species has not been ence of P. chabaudi is more apparent than real (5).
determined. We reasoned that if this scenario occurred in P. ion to its effects on course of infection, blood chabaudi-infected mice, then blood transfusion would elimi- nate the physiologic trigger for the opening of the barrier systems required for the release of new reticulocytes, thereby preventing the close contact of PRBC with activated effector cells in the splenic cords. In order to provide evidence for or against our hypothesis, we performed histological and functional clearance experiments in normal mice, mice with peak parasitemia, mice undergoing crisis, and transfused mice. In contrast to the results with P. berghei and P. yoelii, we did not find evidence for an opening of splenic barriers at the time of crisis. In fact, infection was associated with a progressive decrease in clearance rate and splenic uptake of 51Cr-labelled PRBC which was not reversed at the time of crisis (data not shown). In normal spleens (Fig. 5A) , there is a sharp delineation of splenic red pulp and white pulp areas by a zone of carbon uptake by marginal zone macrophages. Carbon uptake in the marginal zone is diminished but still distinct in mice with peak parasitemia (Fig. 5B) . In contrast, spleens of mice undergoing crisis revealed congestion with erythroblastic islands and a lack of carbon particle uptake in the marginal zone (Fig. 5C ). These results suggest that crisis in murine P. chabaudi infections is not associated with the opening of barrier cell complexes. Furthermore, these findings, although by no means definitive, appear to be inconsistent with our hypothesis described above. However, direct ultrastructural analysis of spleens and in situ distribution studies of microspheres would be required to resolve this question. It is interesting that the histologic features of spleens from transfused mice (Fig. 5D ) resemble those of the spleens from mice with peak parasitemia rather than the spleens from mice at crisis. This probably reflects the similarity in parasitologicand hematologic features of the peripheral blood between transfused mice and mice with peak parasitemia.
The exact mechanism by which blood transfusion alters the course of parasitemia and the timing of parasite clearance is not known. We speculate that a shock-like syndrome associated with acute hemolysis and severe anemia initiates a cascade of systemic responses which may be detrimental to parasite growth and metabolism. Indeed, Rzepczyk and Clark (14) have previously shown that administration of endotoxin to mice infected with Plasmodium vinckei had a cytostatic effect on the parasite (14) . It has been proposed that mediators released during systemic shock have deleterious or inhibitory effects on parasites. Mediators which have been implicated in the process of crisis during malaria include tumor necrosis factor (9), immune interferon (9), lipid peroxides (13) , and crisis form factor (6) . It is noteworthy that host tissues also suffer from anoxic and ischemic injury during the period of crisis. Indeed, Jensen (6) has previously noted that crisis is usually associated with severe infections, preceding either the death of the host or spontaneous resolution of parasitemia and [7] ), T cells (nude and SCID mice [7] ; anti-CD4-and anti-CD8-treated mice [12] ), and macrophages (silica-treated mice [17] ) and in animals deficient in nitric oxide (NGmonomethyl-L-arginine-treated mice [19] ) and oxidative metabolites (P/J mice [2] ), there is a strikingly consistent decrease in levels of parasitemia during the period immediately following peak parasitemia. This decrease in parasitemia does not differ either in timing or in rate from that in control, immunocompetent mice. The essential difference between immunocompetent and immunodeficient hosts lies mainly in the phase after crisis, in which immunodeficient hosts experience a resurgence of patent parasitemia, which they are unable to suppress or sterilize. Thus, as previously suggested (1) blood transfusion on the transmission characteristics of the parasites (i.e., the infectivity to the mosquito vector) needs to be explored (9) .
